ABSTRACT: Depositional environments along the tidal river downstream of Óbidos have been proposed as important sinks for up to one third of the sediment discharge from the Amazon River. However, the morphology of the intertidal floodplain and the dynamics of sediment exchange along this reach have yet to be described. River-bank surveys in five regions along the Amazon tidal river reveal a distinct transition in bank morphology between the upper, central and lower reaches of the tidal river. The upper tidal-river floodplain is defined by prominent natural levees that control the transfer of water and sediment between the mainstem Amazon River and its floodplain. Greater tidal influence in the central tidal river suppresses levee development, and tidal currents increase sediment transport into the distal parts of the floodplain. In the lower tidal river, the floodplain morphology closely resembles marine intertidal environments (e.g. mud flats, salt marshes), with dendritic tidal channels incising elevated vegetated flats. Theory, morphology and geochronology suggest that the dynamics of sediment delivery to the intertidal floodplain of the Amazon tidal river vary along its length due to the relative influence and coupling of fluvial and tidal dynamics.
Introduction
Rivers build floodplains by depositing sediment on the floors of the valleys through which they flow. Vertical accretion of floodplains is largely accomplished by overbank flow during floods (Wolman and Leopold, 1957) . The timing, duration, and extent of overbank deposition during floods are impacted by the form of the floodplain and in particular the morphology of the river banks. For example, in the lowland reaches of many large rivers, the river channel is flanked by natural levees. These levees form as alluvial ridges along river banks, built from sediment deposited during repeated floods of the river. They form a topographic high that both confines the river channel, and impacts the transport of water and sediment into the floodplain behind the levee (Wolman and Leopold, 1957; Mertes et al., 1996; Brierley et al., 1997; Smith et al., 2009) . The maximum height of natural levees is controlled by the water elevation during floods (Smith et al., 2009) . In most rivers, a flood wave will attenuate downstream due to backwater effects, the increasing cross-sectional area of the river channel, and the decreasing fraction of the total flow contributed by the flood. Levee height should therefore decrease downstream as well. Now at US Geological Survey, Woods Hole, MA 02543, USA.
For rivers that debouch into the ocean, water level near the river mouth is a function of both forcing from the upstream hydrograph and downstream tides. If the river gradient is steep, tides will propagate only a short distance up the river, if at all. However, if the channel gradient is gentle, as it is for many of the world's largest rivers (e.g., Amazon, Mekong, Fly), and the tidal range at the river mouth is large, tides may propagate hundreds of kilometers up the river. This reach of the river, where water level is impacted by tidal oscillations but salinity is absent, is known as the tidal river (see Wells, 1995) .
Environments downstream from the head of tides may remove sediment from (e.g., via deposition in floodplains) or contribute sediment to (e.g., via discharge from tributaries) the tidal river. Many studies have explored sediment dynamics in depositional environments at the seaward end of fluvial systems, principally deltas and estuaries. However, tidal rivers have received comparatively little attention (see Hoitink and Jay, 2016, for review) . In the lower, non-tidal reaches of many large rivers, the form of river banks, especially natural levees, is a first-order control on river-floodplain connectivity (e.g., Fisk, 1947; Coleman, 1969) . The character of levees and banks is likely as important in tidal-river settings, but our understanding of their morphology and function in mixed fluvial-tidal environments is poorly constrained. This paper is focused on the river-floodplain interface along the fluvial-tidal continuum in the Amazon tidal river ( Figure 1A ). The Amazon River is the largest in the world based on discharge of water and sediment, with 6300 km 3 of water and 1200 Mt of sediment estimated to flux past the lowermost gauging station at Óbidos each year (Milliman and Farnsworth, 2011) . This gauging station is 800 km upstream of the Amazon River mouth, and relatively little is known about the transformation of these measured fluxes below Óbidos. The floodplain of the Amazon tidal river has been suggested as a possible sink for a significant fraction of the sediment that passes Óbidos, as much as one-third of which remains unaccounted for in Amazon sediment budgets Dunne et al., 1998) .
Observations of river-bank morphology made during earlier fieldwork along the Amazon tidal river (see Fricke et al., 2017; Nowacki et al., 2019) suggest that the river banks change form over the length of the tidal river (Figure 1B, C) . Levees appear to be prominent in the upper tidal river and absent from the lower reach. The floodplain of the lower tidal river appears infilled with sediment and dissected by dendritic tidal channels. Understanding the spatial evolution of bank morphology (including levees) along tidal rivers is an important first step in understanding the exchange of water and sediment between tidal rivers and their intertidal floodplains. The objectives of this work are to: describe the morphological evolution of the river-floodplain interface along the Amazon tidal river; identify the hydrodynamic and sediment-dynamic forcing that creates the observed morphology; and develop a generalized conceptual model of river-floodplain exchange along the fluvial-tidal continuum characteristic of tidal-river environments.
Background

Site selection
The lower Amazon River is an ideal location to study natural river-floodplain exchange. Of the world's largest rivers, the Amazon River arguably remains in the most natural condition. In particular, the banks of the Amazon tidal river exhibit minimal human manipulation, mostly limited to small wharfs in villages and cities. Unlike the lower reaches of almost all other large rivers (e.g., Mississippi, Huang He, Yangtze, Mekong, Ganges-Brahmaputra), flood control systems are absent on the lower Amazon River. While these other rivers once exhibited trends in the morphology and dynamics associated with their natural banks and levees, those natural trends have been masked by human manipulation through the construction and hardening of levees, closing of crevasses, and creation of other flood-control structures. This work presents baseline information regarding floodplain morphodynamics of the Amazon tidal river before present and planned dam construction in the Amazon basin significantly alters the natural behavior of this system (see Latrubesse et al., 2017) .
Variation in natural levees is controlled by more than just the flood levels of a river (Brierley et al., 1997) . For example, levees have been shown to form preferentially on outside bends of rivers (Fisk, 1947) , or on alternating banks (Iseya and Ikeda, 1989) . The 800-km-long Amazon tidal river ensures that the length scale associated with the transition in levee form due to the changing balance between fluvial and tidal influence is considerably longer than the length scale of intrinsic levee variability. In short tidal rivers, for example, it may be difficult to deconvolve the longitudinal trend in levee character from small-scale levee variability because of the overlapping length scale for each type of forcing.
The length of a tidal river is controlled by a number of factors, including the gradient and depth of the river, and tidal range at the river mouth. Tidal changes in water level along the river are due to the propagation of the tidal wave, which allows tidal oscillations to extend upriver to an elevation significantly above that of high tide at the river mouth (see Hoitink and Jay, 2016 , for a review of tidal-river physics). The exceptional length of the Amazon tidal river is the result of its very low gradient ( 10 -5 , based on a 8-12 m drop between Óbidos and the river mouth; Kosuth et al., 2009 ), considerable channel 206 depth (locally >60 m; Vital and Stattegger, 2000c) , and macro-tidal conditions at the river mouth. The mean tidal range at Ponta do Céu, near the mouth of the Amazon River (Figure 1 ) is 3.3 m, and reaches 4.5 m during spring tides. Tides are semidiurnal, with nearly equivalent ranges between successive high and low tides. The semidiurnal tidal change in water-surface elevation at the river mouth is of a similar magnitude to the seasonal change in water level at Óbidos of 6 m (Kosuth et al., 2009) . The similar magnitude of seasonal (fluvial) and tidal forcing allows the signature of each regime to be well resolved near the upstream and downstream limits of the tidal river, and the combination of regimes to be distinguished where they overlap in the central tidal river.
Physical setting: Bookends of the Amazon tidal river
It is helpful to put the morphology and dynamics of the tidal river into context by examining the environments that are immediately upstream and downstream of this reach. The upstream limit of the Amazon tidal river is also the downstream limit of the purely fluvial Amazon River. Dunne et al. (1998) provide a comprehensive review of the sediment dynamics in the river and floodplain along this reach. Near Óbidos, natural levees separate large seasonally inundated floodplain lakes from the river, and river-floodplain exchange occurs both via diffuse overbank flow and as flow through levee breaches (Rudorff et al., 2014 (Rudorff et al., , 2018 . Near Manaus, 600 km upstream of Óbidos, the heights of natural levees are up to 10 m above the low-water level of the river (Latrubesse and Franzinelli, 2002) , which roughly matches the average seasonal water-level change of 9.8 m (Archer, 2005) . Along this reach of the river, levees tend to confine the river in its channel and limit lateral migration, so that floodplain sedimentation is accomplished primarily through overbank deposition. This is in contrast to non-leveed reaches hundreds of kilometers farther upstream, where floodplain sedimentation is dominated by lateral channel migration, and deposition occurs in myriad floodplain channels, creating scroll bar topography (Mertes et al., 1996) .
Due to the energetic marine environment at the mouth of the Amazon River, sediment discharged by the river has formed a large subaqueous deltaic clinoform, rather than a subaerial delta (see Nittrouer et al., 1986 Nittrouer et al., , 1995 . Along the coast to the north and south of the Amazon river mouth, sedimentation in the upper littoral zone takes the form of mangrove-colonized tidal flats (e.g., Amapá coast: Allison et al., 1995; Pará coast: Asp et al., 2016) . These environments are characterized as elevated, vegetated, muddy platforms that are built to the approximate level of high tide. The platforms are dissected by dendritic tidal channels that serve as conduits through which water and sediment are transported. The highest parts of these tidal platforms are inundated only during extreme spring tides (Asp et al., 2016) . The morphology of such coastal environments bears a first-order resemblance to the floodplain of the lower Amazon tidal river ( Figure 1B ).
Methods
Bank surveys
A survey of the banks along the Amazon tidal river was conducted over the period 20-26 March 2014 . This time period is 3 months before peak stage of the Amazon River, but discharge in 2014 was especially high, and the water level at the time of the survey was equivalent to the 40-year mean peak water level of the Amazon River as measured at Óbidos (Figure 2) . A total of 17 banks were surveyed at five regions spanning 690 km of the Amazon tidal river (Figures 1 and 3) . Within each survey region, individual surveys were separated by at least 3 km to better represent variability in the region (Figure 3 ). River banks were surveyed perpendicular to the water's edge, and were intended to capture the highest part of the bank (i.e. levee crest). Surveyed transects were 30-250 m in length, with a mean length of 80 m. Surveys were performed by stretching a measuring tape along the transect and using a topographic Abney level to read a survey staff at 1-4 m intervals along the transect.
Where levees were present (between Lago Grande de Monte Alegre and the Amazon-Xingu confluence) bank surveys did not capture the full width of the levee, many of which are hundreds to thousands of meters wide. Because levee deposits typically thin away from the river channel (Fisk, 1947; Allen, 1964; Adams et al., 2004) , the levee crest is located proximal to the river's edge. In the Amazon system, there is strong zonation of vegetation according to inundation duration (i.e. elevation relative to flood level), with the largest trees occupying levee crests (see Junk et al., 1989 , for review). Surveys were conducted near the channel, through the mature vegetation in order to capture the most elevated part of the bank.
In order to relate all of the measured transects, a novel datum was defined. Because of the important role that the elevation of high water (seasonal or tidal) plays both in river-levee systems and in tidal-flat environments, a high-water/flood datum was chosen. A water-level logger with a 10 min sampling interval was deployed in the vicinity of each of the survey regions for a 13-h period in order to capture a complete tidal cycle. The water's edge was surveyed at each transect and the time was recorded. All of the surveys from each region were subsequently adjusted so that bank elevations were relative to the local high-tide level on the survey day.
Over the 7 days when bank surveys were undertaken, the water level at Óbidos monotonically rose 30 cm. In addition, there was a range in high-tide elevations at Macapá of 60 cm. In order to compensate for changes in upstream and downstream water level over the survey period, data from each of the survey regions were offset to be equivalent to high-tide conditions on 25 March 2014. Because the effects of water-level changes at either end of the tidal river are not felt uniformly over its length, it is necessary to determine the fractional response to upstream and downstream water-level perturbations at each of the survey regions.
The fractional response to water-level changes at Óbidos (Figure 4 ) was derived by comparing the water-surface elevation along the tidal river at mean stage (150 000 m 3 s -1 ) to that during low river stage (100 000 m 3 s -1 ; Kosuth et al., 2009 ).
The curve representing the fractional response to tidal change in Macapá was derived from synoptic tidal measurements at five locations along the tidal river on 29 June 1999 (Kosuth et al., 2009) . Tidal propagation in the Amazon River is strongly impacted by discharge (Kosuth et al., 2009) , so care must be taken when applying estimates of tidal propagation across different flow conditions. In this case, the difference in gauge height at Óbidos between 29 June 1999 and 25 March 2014 (this datum) was 45 cm, or 7% of the seasonal change, so the fractional response to tidal forcing along the river determined from the June 1999 data can be reasonably applied to the survey period. For each survey region, corrected survey elevations (CE) were determined as
where WL s is the water level as measured at the time of survey, H t is the difference in water level between the time of survey and the high tide measured by the water-level logger at the site ( Figure 5B ), H h is the difference in Óbidos gauge height during the survey and the gauge height on 25 March 2014 ( Figure 5A ), FR h is the site-specific fractional response to water-level changes at Óbidos (Figure 4 ), H f is the difference in water level between the high tide as measured at Macapá on the day of the survey and the elevation of the high tide at Macapá on 25 March 2014 ( Figure 5C ), and FR f is the site-specific fractional response to water-level changes at Macapá (Figure 4 ). The result is a uniform datum that corresponds to the local high-water level on 25 March 2014, which coincided with neap tidal conditions at the Amazon River mouth. Typical high-tide elevations during spring tidal conditions near Macapá are 0.5 m greater than the high tide on 25 March 2014. This datum is not horizontal, but rather tracks the sloped water surface of the river. Because the water level on 25 March 2014 was equal to the mean annual peak water level (Figure 2 ), this datum can be considered a 'flood level' along the Amazon tidal river.
Sediment sampling and coring
Sampling and coring were undertaken to examine changes in the sediment character of the banks along the Amazon tidal river, as well as patterns of sediment accumulation over decades to centuries. Grab samples were collected along the measured transects by hand or using a Van Veen grab from a small boat. Short cores and augers (<60 cm length) were pushed directly into the sediment by hand. Cores were cut into 2-cm intervals and bagged for grain-size and radiochemical analyses. Grain-size distributions of the mud fraction (<64 m) from each sample were determined using Micromeritics Sedigraph 5100, 5120, and 5125 particle sizers in the laboratory. Sediment-accumulation rates were determined using 210 Pb, a naturally occurring radioisotope.
210 Pb geochronology can be used to constrain sediment accumulation over the past century, owing to its 22.3-year half-life (Nittrouer et al., 1979) . The activity of 210 Pb is determined via alpha spectrometry by measuring the activity of its granddaughter, 210 Po, relative to a calibrated spike of 209 Po. The sediment-accumulation rate (S) is calculated using
where is the decay constant for 210 Pb, A 0 and A z are excess 210 Pb activities at two points within the region of log-linear decay, and z is the difference in core depth between A 0 and A z . The activity of 210 Pb above that supported by in situ decay of 226 Ra in the sediment column is defined as the excess 210 Pb activity. Total 210 Pb activity below the region of log-linear decay in the deepest cores is 1.1 dpm g -1 , so this value is used as the supported level for all cores.
Results
Bank surveys
Between two and seven bank surveys were conducted at each of the five survey regions (see Figure 1 ) and representative profiles are shown in Figure 6 . Within each survey region, maximum bank elevations were consistent, with a maximum elevation difference of <15 cm between surveys within a survey region. River banks were most elevated above the water-level datum in the Lago Grande de Monte Alegre and Macapá survey regions, and were lowest in the Almeirim and Xingu confluence regions (Figures 6 and 7). In general, the elevations of the river banks in the Lago Grande de Monte Alegre, Cajari, and Macapá regions were found to be roughly coincident with the water-level datum, while the banks near Almeirim and the Amazon-Xingu confluence were lower ( Figure 7 ).
In the Lago Grande de Monte Alegre, Almeirim, and Amazon-Xingu confluence regions, floodplain elevations decreased toward the interior of the floodplain (beyond the range of the detailed topographic surveys in Figure 6 ). This is most pronounced at Lago Grande de Monte Alegre, where the interior of the floodplain is 3-5 m below the water-level datum (i.e. lake depth of 3-5 m at the time of the bank surveys). This elevation range is based on ship-based depth measurements from June 2013, which have been corrected for the difference in Óbidos water level between 14 June 2013 and 25 March 2014 (-80 cm). The difference in land-surface elevation between banks and the interior of the floodplain decreases downstream, and is estimated to be 1 m near Almeirim, and <0.25 m near the Amazon-Xingu confluence, based on depth measurements made from a small boat, and reconnaissance surveys into the distal floodplain.
Water level along the tidal river is controlled by semidiurnal tidal oscillations superimposed on the seasonal rise and fall of the Amazon River hydrograph. Because of the asymmetric shape of the Amazon hydrograph (Figure 2 ) and the greater temporal fraction of tidal water levels near low and high tide, water levels are not uniformly distributed within the range. An estimate of water-level probability along the Amazon tidal river is shown in Figure 8 . Water-level probability is calculated by applying fractional response coefficients (see Figure 4 ) to 40 years of river-stage data at Óbidos from the Agência Nacional de Águas (http://www.ore-hybam.org/) and 40 years of detrended synthetic tide data based on measurements at Macapá from the Instituto Brasileiro de Geografia e Estatística (https://downloads.ibge.gov.br/). The range in water level is greatest in the uppermost tidal river (up to 8 m) and decreases downstream to 3.25 m near Cajarí in the central tidal river ( Figure 8A ). Downstream of Cajarí, the range in water level increases to 4.25 m at Macapá ( Figure 8A ). The minimum water-level range occurs in the central tidal river near the Amazon-Xingu confluence, where the combined response to water-level change driven by tides and the seasonal hydrograph is at a minimum (see Figure 4 ). Near the upstream and downstream limits of the tidal river, bank elevations are above the 90th percentile of water level and experience inundation less than 10% of the time, whereas the banks in the central tidal river are on average overtopped 25-50% of the time (Figure 8 ). In the upper tidal river, the leveed banks are overtopped for a few weeks per year ( Figure 8B ) during peak seasonal river stage (see Figure 2 ). In the lowermost tidal river, the banks are overtopped for a shorter cumulative duration (<1 week per year), but inundation occurs on tidal frequencies (daily to fortnightly) throughout much of the year. Tidal overbank exchange is calculated as the sum of mean annual water-level fluctuations that exceed the bank elevation. This quantity is greatest in the central tidal river where bank elevations are low, inundation duration is lengthy, and water-level change is moderate (Figure 8 ). Compared to the central tidal river, tidal overbank exchange in the upper tidal river is reduced due to a combination of greater bank elevations ( Figure 8A ) and reduced cumulative water-level changes ( Figure 8B ). In the lower tidal river, cumulative water-level change is greatest due to tidal influence, but high bank elevations reduce the inundation duration and limit tidal overbank exchange (Figure 8 ).
Sediment character
Surface-sediment samples were collected at three to four locations along each of the surveyed transects. No consistent trend was observed between grain size and distance from the river channel. In general, sediment fines in the downstream direction along the Amazon tidal river (Figure 9 ). Detailed analysis of the mud fraction (<64 m) of samples shows that mean mud grain size decreases from 18 m (medium silt) at Lago Grande de Monte Alegre to 7 m (very fine silt) at Macapá. Samples collected near the Amazon-Xingu confluence are mud fraction, and there is a decrease in sand in the downstream direction (Figure 9 ). Samples from the Macapá region show the greatest range in sand content (2-60%), whereas the ranges in samples from Cajari and Almeirim, in the central tidal river, are considerably less.
Sediment accumulation
Sediment-accumulation rates were determined via 210 Pb geochronology for a total of six cores collected in the survey regions (see Figure 3) along the Amazon tidal river (Figure 10 ). Of the six cores, four ( Figure 10A-D) exhibited log-linear down-core decreases in excess 210 Pb activity associated with steady-state sediment delivery (see Nittrouer et al., 1979) . Two cores were analyzed from Lago Grande de Monte Alegre. The sediment-accumulation rate determined from a core collected in the central part of the lake (0.8 cm y -1 ) was less than the rate of 2.2 cm y -1 determined from a core collected near the terminus of a crevasse that cuts the levee separating Lago Grande de Monte Alegre from the Amazon mainstem ( Figure 10A,B) .
Analyses of two cores from the Almerim region indicate a sediment-accumulation rate of 1.6 cm y -1 at a location 50 m landward of the levee ( Figure 10C ), decreasing to 1.1 cm y -1 at a location 700 m farther landward ( Figure 10D ). Cores from farther downstream near the Amazon-Xingu confluence and Macapá regions do not yield log-linear 210 Pb profiles, and therefore cannot be used to determine a sediment-accumulation rate ( Figure 10E,F) . While the 210 Pb profiles are chaotic, excess activity is present in the upper 30 cm of sediment.
Discussion
The Amazon tidal river is a transitional environment between the non-tidal Amazon River upstream of Óbidos and the Atlantic Ocean. Although the dominant forcing functions in the system (tidal oscillations and seasonal floods) vary continuously along the tidal reach, for the sake of this discussion the tidal river is subdivided into three reaches: the upper, central, and lower tidal river (Table I) . These divisions are consistent with transitions in the morphology of river banks as measured at the 17 survey locations, but given the scale of the Amazon tidal river, and distances between survey regions, boundaries between reaches should be considered broad and gradational. Moreover, morphologies and dynamics described here should be considered representative of the reach broadly, keeping in mind that numerous small-scale factors (e.g. levee breaches, tributary confluences) will impact the local character of particular sites within each reach. The upper and lower reaches of the tidal river are best understood relative to established morphodynamics of the endmember environments that bound them (fluvial and coastal marine). The morphology and processes of the central tidal river are distinct and perhaps unique to tidal-river environments. This central reach, which has yet to be described in the context of the tidal-river system, has been proposed as a location for substantial sediment trapping downstream of Óbidos (Mertes et al., 1996; Mertes and Dunne, 2008) , but the processes responsible for such trapping remain poorly constrained.
Morphology and dynamics within three tidal river reaches
The upper tidal river In non-tidal river systems without levees, the elevations of river banks are generally controlled by bar deposition associated with lateral migration of the river channel and subsequent overbank deposition (Wolman and Leopold, 1957; Lewin et al., 2016) . Where levees are present, their height is limited by the water-surface elevation during floods (Wolman and Leopold, 1957; Smith et al., 2009 ). The initial elevation of the floodplain behind the levees is likely set by bar deposition associated with lateral migration of the river channel over long timescales, and subsequently modified by overbank deposition (Wolman and Leopold, 1957; Lewin et al., 2016) .
The morphology of the upper Amazon tidal river is very similar to that of the non-tidal reach immediately upstream. Much of the floodplain along the upper tidal river comprises extensive topographically low backswamps separated from the mainstem by prominent natural levees. During high-stage conditions, these backwsamps are flooded and form large floodplain lakes. The largest of these within the tidal river is Lago Grande de Monte Alegre, which extends 50 km along the Amazon River downstream from the city of Santarém ( Figure 3A,B) . The floodplain in the lower 100 km of the non-tidal Amazon River immediately upstream of Óbidos is similarly composed of large floodplain lakes. The best studied of these is Lago Grande de Curuai, located across the river from Óbidos ( Figure 1A) . The planform morphology and depth Bonnet et al., 2008; Alcântara et al., 2010; Rudorff et al., 2014 Rudorff et al., , 2018 . Although parts of Lago Grande de Curuai are downstream of Óbidos, tidal forcing is very weak and tides are not discussed in papers examining the hydrology of the lake (Bonnet et al., 2008; Rudorff et al., 2014 Rudorff et al., , 2018 . For the purpose of this discussion, dynamics and morphology of Lago Grande de Curuai are considered to be representative of floodplain lakes in the non-tidal Amazon River. Levees are the product of a marked reduction in flow velocity, and therefore sediment-transport capacity, between a river channel and its inundated floodplain. Along the leveed non-tidal Amazon River near Óbidos, >90% of water exchange between the river and floodplain occurs via diffuse overbank flow (Rudorff et al., 2014 (Rudorff et al., , 2018 . Current speeds associated with this diffuse overbank flow are slow (10-20 cm s -1 ; Rudorff et al., 2014) compared to velocities in the mainstem Amazon River of 1-2 m s -1 (Richey et al., 1986; Vital and Stattegger, 2000c) . This order-of-magnitude reduction in flow velocity between mainstem and floodplain favors levee building in the non-tidal and upper tidal river. The effect of tides on river-floodplain exchange in the upper tidal river may be limited by the presence of these levees. The tidal range in the upper tidal river is relatively small ( 10-30 cm), and the natural levees are significantly elevated ( 7 m) above the level of seasonal low discharge of the Amazon River. It is during periods of low discharge that the tidal range is greatest in the upper tidal river (Kosuth et al., 2009 ), but the natural levees along this reach largely preclude river-floodplain exchange during this period (see Rudorff et al., 2018) . River-floodplain connectivity increases as the water level rises in the Amazon mainstem, but tidal range is diminished due to the greater river velocity and decreased tidal celerity (Kosuth et al., 2009) .
During most of the year when levees are not overtopped, communication between the upper tidal river and its floodplain is limited to flows through channels (crevasses) that cross-cut the levees and allow water and sediment to move into or out of the floodplain. However, most of these channels are not incised to the low-discharge elevation of the mainstem, limiting exchange during low to moderate stages of the river. These flows through crevasse channels have produced long, leveed channel paths, which Mertes et al. (1996) describe as 'lake deltas'. Such features are common in the large floodplain lakes of the upper tidal river and are especially visible during low-discharge conditions, when they appear as sinuous, leveed channels building into and across floodplain lakes ( Figure 3B ). However, in the morphologically similar environment just upstream, such channelized transport into the floodplain represents <10% of the total inflow, the remainder of which occurs via diffuse overbank flow (Rudorff et al., 2014 (Rudorff et al., , 2018 .
During periods of high discharge, the tidal range in the uppermost tidal river is <10 cm. Given an average slope for the river of 1.1 cm km -1 (Kosuth et al., 2009) , and the large scale of inundated floodplains (>10 km), persistent non-tidal pressure gradients within the floodplain may be of a similar magnitude to those caused by tides. Such non-tidal flows have been shown to deliver 2-4 Mt y -1 of sediment into Lago Grande de Curuai (Rudorff et al., 2018) . This type of non-tidal overbank exchange is not accounted for in estimates of exchange shown in Figure 8 (B). However, it is possible to estimate a maximum non-tidal contribution to overbank exchange in floodplain lakes like those in the upper tidal river using values from non-tidal Lago Grande de Curuai. The Curuai flood basin receives 72.6˙45.6 km 3 of water from the Amazon annually (Rudorff et al., 2018) . Dividing this mean water inflow into the Curuai flood basin by its surface area (2400 km 2 ) yields a value of 0.03 km y -1 or 30 m y -1 . This maximum non-tidal overbank exchange is of a similar magnitude to estimates of tidal overbank exchange in the upper tidal river of tens of meters per year ( Figure 8B ). This suggests that in the uppermost tidal river overbank exchange driven by persistent pressure gradients is at least as important as exchange driven by tides. While non-tidal river-floodplain exchange driven by persistent pressure gradients across inundated floodplains (e.g., Curuai floodplain) contributes to river-floodplain exchange in more strongly tidal environments downstream, the decreasing slope of the Amazon mainstem (Kosuth et al., 2009) , and the reduction in open water bodies on the floodplain, suggest that the magnitude of non-tidal river-floodplain exchange is likely to decrease toward the central and lower tidal river.
Amazon tidal river floodplain morphology and dynamics
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The central tidal river While the upstream and downstream endmembers of the tidal river closely resemble adjacent environments just beyond the bounds of the tidal river, the central tidal river lacks such analogs. This reach begins downstream of Lago Grande de Monte Alegre (near the midpoint between Santarém and Almeirim; see Figure 1 ), and extends downstream of the Amazon-Xingu confluence to the bifurcation of the Amazon River around Ilha Grande de Gurupá, a total distance of 200 km. The downstream boundary of this reach is defined by a change in floodplain morphology and in the dominant forcing from fluvial to tidal. Below the bifurcation of the Amazon River around Ilha Grande de Gurupá, floodplain channels become dendritic, and water-level changes are more responsive to downstream tidal oscillations than to upstream seasonal changes in river stage (Figure 4) . Levees are present along the central tidal river, but their relief above the floodplain is considerably less than observed in the upper tidal river. Unlike levees upstream, which appear to be built to the elevation of flood stage (Figure 8A ), the banks measured near Almeirim and the Amazon-Xingu confluence were overtopped by 0.75-1.25 m of water during the surveys, a time period representative of flood conditions (Figure 7) .
Using results from Lago Grande de Curuai as the non-tidal endmember (see Rudorff et al., 2018) , it is possible to compare the magnitude of overbank exchange between fluvial and tidal reaches of the Amazon River. As described above, non-tidal overbank exchange in Lago Grande de Curuai is 30 m y -1 . Within the central tidal river near Almeirim, tidal overbank exchange exceeds 350 m y -1 ( Figure 8B ), an order of magnitude greater than the estimate for Lago Grande de Curuai. Because the width of the floodplain does not vary substantially between Lago Grande de Curuai and the central tidal river (Mertes et al., 1996) , these area-normalized values can be compared as approximate estimates of overbank water flux. Greater river-floodplain exchange in the central tidal river relative to upstream reaches is consistent with more rapid sediment accumulation in the floodplain (Figure 10 ), a greater degree of floodplain infilling, and the absence of large floodplain lakes (Figure 3) .
River-floodplain exchange in the central tidal river, as in the upper tidal river and non-tidal reaches upstream, is sensitive to the seasonal rise and fall of the hydrograph. In the central tidal river, the floodplain is inundated for half the year (Figure 8A ), when the seasonal water level is sufficiently elevated to allow tidal inundation (Figure 8 ). This inundation duration is similar to that of the floodplain in the non-tidal Lago Grande de Curuai, where >90% of the inflow into the floodplain occurs during the 6 months between April and September (Rudorff et al., 2018) . Because of the similar duration of inundation, the order-of-magnitude greater overbank exchange in the central tidal river (>350 m y -1 ; Figure 8 ) translates to a similarly large increase in the overbank water flux per unit time. To accommodate this greater flux across the river-floodplain interface, the equilibrium cross-section of the interface (i.e. water depth above bank) would be expected to increase (see O'Brien, 1967) . As the tidal range increases from Óbidos through the central tidal river, bank elevations decrease relative to the high-water elevation (Figure 8 ) in order to maintain the equilibrium cross-section needed to service the increased tidal prism on the floodplain.
The lower tidal river The reach of river below the Amazon-Xingu confluence is variously termed the 'lowermost' Amazon River (Vital et al., 1998) , the 'inner Amazon estuary' (Archer, 2005) , or the 'estuary' (Sioli, 1984) . However, the term 'estuary' confuses the understanding of processes in this reach, as salinity is a typical criterion for designation as an estuary (Pritchard, 1952; Elliott and McLusky, 2002) , and the entirety of the Amazon River (and part of the continental shelf) is fresh at all times (Gibbs, 1970; Geyer et al., 1996) . These nomenclatural issues highlight the complex forcing within this reach associated with energetic tidal conditions (1-2.5 m tidal ranges), and enormous fluxes of water and sediment (10 12 t y -1 water, 10 9 t y -1 sediment; Milliman and Farnsworth, 2011) . Literature examining the lower tidal river focuses on the sedimentology and dynamics within the river channels (Sioli, 1984; Torres, 1997; Vital et al., 1998 Vital et al., , 1999 Vital et al., 1998 Vital et al., , 1999 Vital and Stattegger, 2000a , 2000b , 2000c , with less attention paid to the floodplains along this reach. Satellite observations reveal a distinct change in floodplain configuration below the Amazon-Xingu confluence near the bifurcation of the river around Ilha Grande de Gurupá (see Figure 1 ), which has been described as the apex of the 'mouth funnel' of the Amazon River (Sioli, 1984) . Downstream of this point, the planforms of channels that connect the mainstem to the floodplain are dendritic (see Figure 3F , for examples near Macapá).
Dendritic tidal channels are nearly ubiquitous in mud flat and salt marsh environments around the world (e.g. van Straaten, 1961; Bridges and Leeder, 1976; Frey and Basan, 1985; Nittrouer et al., 2013) . Such channels in high flats or marshes likely follow the forms of antecedent subtidal channels (Frey and Basan, 1985) . These channels experience reversing flows, and serve as conduits for flooding and draining the flat/marsh into which they are incised. Depending on the elevation of the flat/marsh, overbank flow from the channel may occur daily (low flat/marsh), or only during extreme tidal conditions (high flat/marsh) (Frey and Basan, 1985) .
The morphologies of banks along the lower tidal river more closely resemble flats/marshes than fluvial floodplains. There are no discernible levees along the lower Amazon tidal river; instead, there are planar surfaces with well-developed networks of dendritic tidal channels (tens to hundreds of meters wide) through which most exchange of water and sediment between the river and floodplain occurs (Nowacki et al., 2019) . The close agreement between the elevation of the land surface and the water-level datum downstream of Cajari highlights the degree of floodplain infilling along this reach (Figures 6 and 7) . Any antecedent fluvial morphology (e.g. levee, bar) has been obscured by accumulation of sediment that has formed the planar surface incised by dendritic tidal channels.
Like high flats/marshes, which represent the final stage in the transition from intertidal to terrestrial environments, the floodplain in the lower Amazon tidal river has largely filled the accommodation space available. Near Macapá, for example, the floodplain is elevated to the point that a combination of seasonally high water and high tide is necessary to inundate it (Nowacki et al., 2019 ). Because the water-level datum defined in this paper represents neap tidal conditions during the seasonal flood, the banks surveyed near Macapá are up to 50 cm above the datum. Given the 60 cm difference between spring and neap high-tide elevations at Macapá, the measured floodplain would experience shallow inundation on spring tides during the high-discharge period.
Modern sediment accumulation in the floodplain of the Amazon tidal river Dynamics of river-floodplain exchange and floodplain morphology vary along the Amazon tidal river, resulting in non-uniform sediment accumulation over its length. As discussed above, the elevation of the floodplain along the lower Amazon tidal river suggests that there is little remaining accommodation space for sediment accumulation. The creation of new accommodation space within the floodplain along this reach is likely associated with three factors: sea-level rise; neotectonics; and sediment compaction. Of these three factors, the rate of sea-level rise is probably the best constrained, with estimates for the western tropical Atlantic of 3 mm y -1 (Church et al., 2013) . Tectonics have played a role in the evolution of the Amazon River and basin over geological timescales (see Mertes and Dunne, 2008 , for review), but modern rates of vertical tectonic displacement in the lower Amazon basin remain unresolved. In the absence of evidence to the contrary, we assume tectonic displacement to be negligible. The Amazon delta experiences minimal anthropogenic subsidence, and rates of natural compaction are typically Ä3 mm y -1 (Syvitski et al., 2009) , so sea-level rise and sediment compaction may contribute a similar amount to accommodation space (millimeters per year) being created in the lower Amazon tidal river.
Although 210 Pb profiles from the lower tidal river (Macapá region) are not log linear, and therefore cannot be interpreted using the method described in Nittrouer et al. (1979) (see Methods) , it is possible to estimate a rough century-scale rate of sediment accumulation from the measured profile. The 210 Pb profile from the lower tidal river ( Figure 10F ) shows excess 210 Pb in the upper 30 cm of the core. An additional four measurements were made below 30 cm, and all yielded activities equal to the supported activity of 210 Pb in the cores ( 1.1 dpm g 1 ). Given the 210 Pb half-life of 22.3 years, the passing of a century ( 5 half-lives) would result in an activity just 3% of the initial value, which is within the systematic error limits of the 210 Pb method (see Nittrouer et al., 1979) . Given these assumptions, the 30 cm of sediment with 210 Pb activities in excess of the supported activity have been deposited within the last century, indicating an accumulation rate of 3 mm y -1 . This rate is of a similar magnitude to estimates of sea-level rise (Church et al., 2013) and natural compaction (Syvitski et al., 2009) in the Amazon delta region.
The upper Amazon tidal river and associated floodplain appear to function in much the same manner as non-tidal reaches just upstream. While tides are present, their influence is greatest when the seasonal water level is too low for significant communication between river and floodplain. Given the minor role of tides, the mechanisms and rates of sediment deposition in the upper tidal river are likely similar to those in the upstream non-tidal reach (Mertes, 1994; Moreira-Turcq et al., 2004; Rudorff et al., 2014; Lewin et al., 2016; Rudorff et al., 2018) . The sediment accumulation rate of 0.8 cm y -1 measured in the interior of Lago Grande de Monte Alegre ( Figure 10B ) is consistent with the 0.42-1.34 cm y -1 of accumulation in Lago Grande de Curuai, a similar floodplain lake just upstream of the limit of tidal influence (Moreira-Turcq et al., 2004) .
Sedimentation in the central tidal river has been the subject of previous discussion. Klammer (1984) and Mertes et al. (1996) observe that the Amazon River below Lago Grande de Monte Alegre is relatively straight and the adjacent floodplain is devoid of the type of floodplain lakes or scroll topography common to the lower reach of the non-tidal Amazon River. Klammer (1984) suggests such features have been filled with sediment, and Mertes et al. (1996) estimate that 300-400 Mt of sediment is deposited in this reach annually. Changes in river gradient associated with a number of structural arches, principally the Purús Arch ( 750 km upstream of Óbidos), and the Gurupá arch near the village of Gurupá, are invoked by Mertes et al. (1996) to explain variation in deposition along the lower fluvial and upper tidal river. Mertes and Dunne (2008) provide a concise summary of their earlier observations and suggest, based on floodplain morphology, that most of the sediment deposition occurs in the reach of the Amazon River between Lago Grande de Monte Alegre and the Amazon-Xingu confluence. Rather than being related to structural arches, we suggest that the distinct morphology of this reach (muted levees, lack of floodplain lakes) is due to the changing balance of fluvial and tidal influences relative to upstream reaches.
A core collected 50 m landward of the levee in the Almeirim region of the central tidal river records a sediment accumulation rate of 1.6 cm y -1 ( Figure 10C ). An additional core was collected in the interior of the Almeirim floodplain at a distance of 750 m from the river bank, and records a sediment accumulation rate of 1.1 cm y -1 ( Figure 10D ). The 35% reduction in sediment accumulation rate between the two cores from the Almeirim region ( Figure 10C,D) is consistent with the observed morphology, suggesting that long-term rates of sediment accumulation near the river bank and in the interior of the floodplain are relatively similar, in contrast to reaches with prominent levees. Levees along the central tidal river are muted compared to levees upstream, i.e. the difference in levee height relative to the floodplain surface behind the levee is less than in the upper tidal river. The sediment-accumulation rates from the central tidal river of 1.1-1.6 cm y -1 are 1.4-2 times greater than the sediment-accumulation rate measured for the interior of the floodplain in the upper tidal river (Figure 10 ). The greater sediment-accumulation rate in the central tidal river is consistent with the greater degree of infilling of the floodplain at present relative to the upper tidal river. Similarly, the rate of sediment accumulation in the central tidal river significantly exceeds the rate in the lower tidal river of 3 mm y -1 . The more 'filled' (Klammer, 1984) nature of the floodplain along the central tidal river relative to upstream reaches is the product of increased tidal influence. In the uppermost tidal river (and fluvial reaches farther upstream), the movement of sediment between river and floodplain is dominated by diffuse overbank flow (see Rudorff et al., 2014 Rudorff et al., , 2018 , which favors deposition near the river bank, producing prominent levees with low-elevation basins behind them. The low elevation of these basins may be sustained due to wind-driven resuspension and export during low-water conditions (Rudorff et al., 2018) . The magnitude of exchange between the river and floodplain is more than ten times greater in the central tidal river than in the non-tidal river due to the downstream increase in tidal range (see Figure 8B ). As tidal range increases downstream, levees do not reach the level of highest water, because a larger cross-section is required to fill and drain the greater tidal prism on the floodplain. This larger cross-section is presumably maintained by overbank tidal currents capable of transporting particles farther into the floodplain, reducing sediment deposition at the levee crest, and increasing sediment deposition farther into the floodplain.
The degree of infilling along the tidal river is not uniform (Figure 11 ). In the lower tidal river, sediment has effectively filled all available accommodation space through accumulation on the floodplain to an elevation roughly coincident with the level of combined seasonal and tidal high water. By comparison, in the upper tidal river, the elevation of the floodplain behind the natural levees is 3-5 m below the level of combined seasonal and tidal high water. The degree of infilling in the central tidal river falls between these two endmembers. Water depths in the distal parts of the floodplain near Almeirim and the Amazon-Xingu confluence were not measured in detail as part of this study. However, the lack of large open bodies of water, and the presence of permanent subaerial vegetation on the floodplain, indicate that the depth of inundation in the central tidal river is reduced compared to areas in the upper tidal river.
In the lower tidal river, sediment-accumulation rates of 3 mmy -1 suggest that new accommodation space is being created through sea-level rise and/or sediment compaction, and rapidly filled. Outside of the lower tidal river, century-scale rates of sediment accumulation are of the order of centimeters per year (Figure 10) . Extrapolated into the future, such rates might be sufficient to infill accommodation space in the floodplain within a few centuries. Given that the morphodynamic processes active today are likely representative of those acting over the last millennium, and that significant accommodation space remains in the floodplain, there must be additional processes that serve to maintain accommodation space within the tidal river system. While channel migration could serve to create and maintain accommodation space, there is little evidence of active channel migration in the lowermost Amazon (see Mertes et al., 1996) , suggesting any migration might be episodic. Neotectonic subsidence may also create accommodation space within the system, but displacement rates are likely considerably less than the observed sediment accumulation rates, so neotectonic subsidence would only slow the rate of infilling.
Holocene infilling of the Amazon paleovalley
In its current configuration, the Amazon tidal river preferentially traps sediment in the central reach, which is neither as transport limited as the upper tidal river, nor as accommodation-space limited as the lower tidal river. Greater sediment-accumulation rates in the central tidal river represent an upstream migration of the locus of sediment accumulation within the Amazon tidal river system over the Holocene (Figure 12 ). During the last glacial maximum (LGM), the Amazon River carved a deep valley to the paleo-coastline, which is now the continental shelf break at a depth of 120 m (Vital and Stattegger, 2000a; Irion et al., 2010) . Because the depth, and consequently width, of incision during the LGM increased toward the lower part of what is now the tidal river, the excavated volume was largest near the modern river mouth.
The Amazon River has effectively filled its paleovalley, especially compared to low-load tributaries like the Negro, Tapajós, and Xingu Rivers (Irion, 1984; Sioli, 1984; Irion et al., 2010; Fricke et al., 2017) . At the upstream limit of the Amazon tidal river near Óbidos, the floodplain has aggraded 70 m since the LGM, and near Macapá Holocene aggradation approaches 100 m (Irion et al., 2010) . Consequently, total Holocene sediment accumulation is greatest in the lower reaches of the Amazon and decreases upstream. While the lower tidal river may contain the greatest volume of Holocene sediment, the near-complete infilling of the floodplain there has caused the locus of sediment accumulation to shift upstream into the central tidal river, where modern sediment-accumulation rates are greatest (Figures 10-12) . As sea level rises, tidal influence may extend farther up the Amazon River, resulting in an upstream translation of the boundaries and processes described here, and continuing the landward migration of sediment accumulation that has been ongoing since the early Holocene.
Conclusions
This work provides an assessment of tidal-river floodplain morphology and processes. Any tidal river is a transition zone between fluvial and marine environments, and the relative impact of signals from the upstream river and downstream ocean are not felt uniformly along its length. The morphology of the river banks and the manner in which river-floodplain exchange occurs reflect these overlapping fluvial and tidal regimes. A subdivision of the tidal river into upper, central, and lower reaches reveals distinct characteristics of each reach (Table I and Figure 11 ).
Because the intensity of the tidal and fluvial signals vary smoothly along the tidal river, the transitions between each reach are likely to be gradational. Moreover, the intensity of those same signals varies over daily, fortnightly, and seasonal timescales, so any boundary between reaches would be expected to translate upstream or downstream accordingly. Nonetheless, discretizing the Amazon tidal river into three reaches provides a framework for identifying key features and processes that define each of the reaches. The upper tidal river. The dominance of the seasonal change in water level over comparatively small water-level changes induced by tides causes this reach to resemble the non-tidal river upstream. While tides do affect flows between the mainstem and the floodplain, their effect is matched or eclipsed by flows associated with the seasonal inundation of the floodplain. The strength of the tidal signal is greatest when fluvial discharge is least. However, during periods of low discharge, the floodplain is isolated from the mainstem by prominent natural levees, rendering tidal exchange ineffective. Sediment delivery occurs primarily during periods of moderate to high discharge when water and sediment are able to flow through crevasse channels that incise the levees or when levees are overtopped. Sediment accumulation is accentuated in the interior of the floodplain associated with crevasse channels, and much sediment is deposited near the levee due to inefficient diffuse overbank transport between mainstem and floodplain. The central tidal river. The magnitude of the seasonal and tidal signals are more evenly matched in the central tidal river. Changes in water level due to tides drive currents between the mainstem and the floodplain. The magnitude of river-floodplain exchange increases with the tidal range into the central tidal river, and river banks build to a lower elevation in order to accommodate the greater flux of water across the river-floodplain interface. The result is limited sediment accumulation at the river's edge (i.e. minimal levee building) and an increase in sediment delivery to the interior of the floodplain. Rates of sediment accumulation are greater in the central tidal river than in the upper tidal river. The lower tidal river. Tidal range is greatest in the lower tidal river. Here, currents driven by tides are the dominant means of sediment transport between mainstem and floodplain, and the morphology of the floodplain reflects this. The floodplain is elevated approximately to the level of combined seasonal and tidal high water. Tidal channels incise this elevated floodplain and act as conduits to deliver water and sediment efficiently to the interior of the floodplain. Rates of sediment accumulation in the lower tidal river are less than in other reaches of the tidal river, and reflect the slow rate of accommodation space creation rather than a lack of available sediment or efficient transport.
This work shows that the morphology of the tidal river floodplain responds to subtle changes in the balance between fluvial and tidal forcing. Given this, current and future changes to the upstream and downstream boundary conditions of the tidal river, including dam construction and sea-level rise, have the potential to alter significantly the form and behavior of tidal river floodplain environments.
